Background. The eradication of wild-type polioviruses in areas with efficient fecal-oral transmission relies on intestinal mucosal immunity induced by oral poliovirus vaccine (OPV). Mucosal immunity is thought to wane over time but the rate of loss of protection has not been examined.
The live-attenuated oral poliovirus vaccine (OPV) and the inactivated poliovirus vaccine both induce systemic immunity against paralytic poliomyelitis. The Global Polio Eradication Initiative has relied exclusively on the oral vaccine, however, because of its superior ability to induce mucosal immunity against infection and excretion of virus in the intestine [1] [2] [3] . Immunization with OPV has been shown to reduce the prevalence, duration, and titer of vaccine poliovirus shedding in stool samples after administration of a subsequent "challenge" dose of the live-attenuated vaccine [4, 5] . Reduction in virus shedding is associated with an increase in poliovirus-specific immunoglobulin A (IgA) secreted in the intestine [6] . Secretory IgA is not found after immunization with inactivated poliovirus vaccine except among individuals with prior exposure to live poliovirus, which explains the more limited impact of this vaccine on poliovirus shedding in the intestine after subsequent challenge [7] .
Estimates of the degree of mucosal immunity induced by OPV are largely based on studies from higherincome countries [8, 9] . In lower-income countries, the immunogenicity of OPV is lower than in higherincome countries, resulting in an impaired mucosal immune response [10] [11] [12] [13] [14] [15] . In India we recently found that vaccination with monovalent and trivalent OPVs induced intestinal mucosal immunity against reinfection but that the effectiveness of the vaccines varied significantly according to location and formulation [16] . Furthermore, the incomplete nature of mucosal immunity was found to permit frequent infection with wildtype poliovirus among vaccinated children who were close contacts of children with poliomyelitis [17] .
Intestinal mucosal immunity to poliovirus is likely to wane over time, contributing to the ability of the virus to reinfect the gut [18, 19] . However, the rate of decline in protection against reinfection with poliovirus after vaccination with OPV has not been established. In this article we examine factors affecting the degree of intestinal mucosal immunity induced by monovalent and trivalent OPVs and the rate of loss of protection after vaccination by measuring poliovirus excretion in stool samples collected after "challenge" with an additional dose of OPV. Stool samples were collected from children with acute flaccid paralysis (AFP) reported in India during [2005] [2006] [2007] [2008] [2009] , the majority of whom (98.5%) were paralyzed by causes unrelated to poliovirus. We discuss the implications of our findings for immunization strategy in India and elsewhere.
METHODS

Data Collection
Children <15 years of age with AFP have been routinely reported through a network of health workers throughout India since 1997 [20] . As part of efforts to eradicate polio, approximately 50 000 children with AFP are investigated annually. Cases undergo an initial clinical and epidemiological investigation, including the collection of information on the number of doses of OPV received and the date of receipt of the most recent dose, and a follow-up investigation at 60 days to test for residual weakness [21] . Two stool samples are collected ≥24 hours apart and within 14 days of the onset of paralysis to allow laboratory testing for the presence of poliovirus and other enteroviruses [22] . Samples yielding positive results for poliovirus are investigated by intratypic differentiation tests and genetic sequencing to determine whether the isolated virus is vaccine related or wild type [21] .
Biannual nationwide campaigns to vaccinate children <5 years old with OPV began in India in 1995 in an attempt to supplement the relatively low coverage achieved through routine health services [20] . Vaccination campaigns targeted at high-risk areas commenced in 2000 and have been implemented with increasing frequency since that time. Until 2005 only trivalent OPV was used during these supplementary immunization activities (SIAs). In 2005, serotype 1 and 3 monovalent OPVs began to be used during certain SIAs in response to the restricted circulation of these serotypes and the global eradication of serotype 2 wild-type poliovirus. The vaccination history for children reported with AFP did not include the type of vaccine used, so we inferred the number of doses of trivalent and monovalent OPV received by children with AFP before stool sample collection from the number of doses of OPV (all types) that they were reported to have received through SIAs and their exposure to SIAs based on their date of birth and district of residence, using methods published elsewhere [23] . Briefly, we multiplied the reported number of OPV doses received through SIAs by the proportion of these activities that used vaccine of a given type to obtain the expected number of doses of each vaccine type received. OPV received through routine health services was always trivalent. The type of the most recent (challenge) vaccine administered before stool sample collection could be determined from the vaccine used by the SIA that took place at the time of the reported date of receipt of the last OPV dose. For infants <20 weeks old who were reported to have received both supplementary and routine doses of OPV, we assumed that if the date of receipt of their last reported dose of OPV was at the time of an SIA, then this dose had been received through that SIA; otherwise it was assumed to have been received through routine services.
Institutional ethics approval for this study was not required because this was a retrospective analysis of a national surveillance database, free of personally identifiable information and recording use of standard vaccines licensed by the National Regulatory Authority of the Government of India.
Analysis of Vaccine Poliovirus Excretion After Administration of OPV
Children <5 years old with onset of AFP reported between 1 January 2005 and 31 December 2009 were identified for inclusion in the analysis. Children with wild-type poliovirus isolated from ≥1 stool sample, inadequate stool samples, or an incomplete vaccination history were excluded. The prevalence of excretion of each of the 3 vaccine poliovirus serotypes among children with 2 stool samples taken between 4 and 28 days after administration of either trivalent or monovalent OPV was examined in relation to variables describing demographic characteristics, vaccination history, enterovirus season, and recent history of poliomyelitis in the district of residence (excretion of virus up to 3 days after challenge was excluded, because it has been suggested that this can be the result of transient passage of vaccine in the stool rather than infection of the intestine [24] ). Odds ratios for excretion of vaccine poliovirus were calculated and 95% confidence intervals (CIs) produced on the basis of the normal approximation to the log likelihood about the maximum likelihood estimate of the odds on a log scale.
Vaccine poliovirus excretion after challenge depends on the degree of poliovirus-specific intestinal mucosal immunity, the infectiousness of the vaccine virus, and other factors affecting the susceptibility of the intestine to infection. We used multivariate logistic regression to examine the impact of variables likely to affect mucosal immunity and the response to vaccination and to examine potential confounding among these variables. We included in the multivariate regression model all variables that were significant at P < .05 in the initial univariate analysis. Nonsignificant variables were eliminated in a stepwise manner, and the final model with interaction terms chosen on the basis of maximum likelihood [25] . Time since OPV challenge was explicitly included in the multivariate model to account for the observed exponential decrease in the odds of vaccine virus excretion after infection [16] . Children with vaccine poliovirus in ≥1 stool sample, onset of paralysis after the most recent reported OPV dose, and residual paralysis at follow-up were excluded from the multivariate regression analysis as potential cases of vaccine-associated paralysis [26] . We also excluded children who were reported to have received <2 doses of OPV containing the relevant serotype or who were not exposed to an SIA before challenge. Therefore, the association between poliovirus shedding after OPV challenge and the time since exposure to an SIA that used vaccine containing the relevant serotype was examined.
RESULTS
A total of 266 095 children were reported in India with AFP during [2005] [2006] [2007] [2008] [2009] . Of these 47 574 met the inclusion criteria for the univariate analysis; 11 407 had stool samples collected 4-28 days after trivalent OPV, 31 157 after serotype 1 monovalent OPV, and 5010 after serotype 3 monovalent OPV. In the univariate analysis a number of variables including the age, vaccination history, location, enterovirus season, time since the last reported case of poliomyelitis in the district, and enterovirus season were significantly associated with excretion of vaccine poliovirus 4-28 days after administration of OPV for some or all serotypes (Table 1) .
In the final multivariate regression model, past vaccination with serotype 1 and 3 monovalent OPVs was strongly protective against excretion of vaccine poliovirus on subsequent challenge with OPVs containing these serotypes ( Table 2 ). The impact of trivalent OPV on vaccine virus excretion was less marked with the exception of serotype 2. The greater effectiveness of monovalent vaccines is confirmed by the significantly higher probability of infection and excretion that was observed after administration of these vaccines (Table 2) .
Vaccine virus excretion after OPV administration was significantly lower in the high season for enterovirus transmission compared with the low season, indicating poorer vaccine "take" at this time of year (isolation of nonpolio enteroviruses among children with AFP is higher April through September) (Table 2, Figure 1 ). In addition, even after adjustment for seasonal effects, vaccine virus excretion after OPV administration was less likely in the northern states of Uttar Pradesh and Bihar, the traditional strongholds for wild-type poliovirus transmission in India, compared with other parts of India (serotypes 1 and 3 only) ( Table 2 ).
The prevalence of vaccine virus excretion after administration of OPV increased significantly with the time since a child was last exposed to an SIA that used OPV containing the relevant serotype (Table 2, Figure 1 ). The odds of excreting vaccine poliovirus among children exposed to an SIA ≥6 months before challenge (mean, 9-15 months previously, depending on serotype) was 1.4-2.0 times that observed among children exposed in the month before challenge (defined as in the past 40 days because monthly SIAs typically occur 28-35 days apart). Furthermore, in the case of serotype 1, excretion of vaccine poliovirus was significantly higher in children exposed to an SIA just 2-5 months before challenge (compared with in the past 40 days). There was no significant difference in the increased odds of vaccine virus excretion with time since exposure to an SIA in Uttar Pradesh and Bihar compared with other states (likelihood ratio test; P = .57, .36, and .61 for serotypes 1, 2, and 3, respectively).
The time since the last reported case of poliomyelitis in a district was not associated with the prevalence of vaccine poliovirus excretion of the corresponding serotype in the final multivariate model. Alternative measures of past exposure to wild-type poliovirus based on the number of children with poliomyelitis reported in the same district or within 100 km of the center of the district also showed no significant association with excretion of vaccine poliovirus after challenge (data not shown).
DISCUSSION
Vaccination with monovalent OPV was strongly protective against excretion of vaccine poliovirus after a subsequent dose of OPV and significantly more effective than trivalent OPV, in agreement with findings of previous studies [16, 27] . Here we show for the first time, however, that protection decreases significantly with time since exposure to an SIA. Given the high coverage achieved during SIAs (generally >90% according to independent monitoring data), for the majority of children the time since exposure to an SIA is equivalent to the time since vaccination. Consequently, these data suggest mucosal immunity wanes quite rapidly after OPV vaccination. We cannot establish the exact time scale for the loss of protection because we do not know whether an immunological response occurred at the time of vaccination (owing to the absence of data on serum antibody titers). However, the increased prevalence of excretion of challenge poliovirus several months after an SIA, even among children <2 years old (Supplementary Table 1 ), suggests that significant waning of intestinal mucosal immunity occurs within a year. This attenuation of protection occurs despite the possibility of secondary exposure to vaccine poliovirus excreted by other children who have received OPV and did not show any significant variation by location.
The reduction in intestinal mucosal protection may relate to decreases in the amount of poliovirus-specific IgA reaching the mucosae and secreted into the gut lumen, or potentially to declines in effectors of the innate immune response. A limited number of studies have examined secretory IgA titers in small numbers of children after administration of OPV and typically found more rapid decreases in fecal and nasopharyngeal IgA levels over a period of several months compared with the gradual decreases observed over several years for serum neutralizing immunoglobulin G [28] [29] [30] [31] . The relatively rapid decline in protection against reinfection with poliovirus that we observed may therefore be expected if protection against infection is mediated by high titers of secretory IgA. Vaccine poliovirus excretion after administration of OPV was significantly less likely in Uttar Pradesh and Bihar than in other states, as well as during the high season for enteroviruses and other enteric infections (April-September) compared with the low season. This remained the case after accounting for any differences in vaccination status of children in the multivariate regression. The lower probability of vaccine poliovirus excretion (vaccine "take") after administration of OPV in Uttar Pradesh and Bihar is consistent with the lower efficacy of the vaccine against poliomyelitis previously estimated for these states [12] . The observation of a seasonal response to vaccination is consistent with studies in The Gambia demonstrating poorer immunogenicity and effectiveness of OPV during the rainy season [32, 33] . However, the seasonal effect is more marked in India and significantly larger in northern Indian states compared with other states (likelihood ratio test; P < .001).
The mechanisms responsible for the reduced effectiveness of OPV in lower-income settings are not well understood, although potential explanations include interference by enteroviruses or other enteric pathogens, a high prevalence of diarrhea,malnutrition, micronutrientdeficiencies, virus neutralization by breast milk antibodies, and tropical enteropathy [11, 34] . The approximately 2-fold variation in the response to OPV that we observed in Uttar Pradesh and Bihar suggests a very significant role for seasonal infections and diarrhea in the reduced effectiveness of this oral vaccine. Seasonal variation in vaccine potency that might contribute to this pattern is not supported by data on vaccine vial monitors or potency testing of vaccine retrieved from the field.
It might be expected that intestinal mucosal immunity among the children included in this study is also affected by exposure to circulating wild-type poliovirus [35] . However, measures of exposure to wild-type poliovirus based on the location and timing of reported cases of poliomyelitis were not found to be significantly associated with the odds of excreting challenge poliovirus. In such a heavily vaccinated population where the number of reported cases of poliomyelitis is small and the birth cohort very large this is perhaps unsurprising (even if asymptomatic infections among vaccinated individuals can result in the number of infections associated with each case significantly exceeding the 100-1000 infections estimated from unvaccinated populations [36, 37] ). This study has a number of limitations related to its retrospective nature and the reliance on verbal recall and SIA records to describe each child's vaccination history. These limitations could result in inaccurate estimates of the effectiveness of OPV in protecting against reinfection with vaccine poliovirus. It is also possible that the time since a child was last exposed to an SIA was confounded with unmeasured determinants of vaccine poliovirus excretion after challenge with OPV. For example, the frequency of SIAs may be higher in districts with a poor response to OPV and therefore reduced excretion of poliovirus after challenge. However, the frequency of SIAs experienced by a child before challenge was not associated with vaccine poliovirus excretion in the multivariate analysis, suggesting that any such confounding was not significant (data not shown). Furthermore, patterns of excretion of different vaccine poliovirus serotypes were consistent with that expected based on the inferred vaccination history for each child (see also [16] ). This study is based on testing of stool samples collected from children reported with AFP. Failure to exclude children with vaccine-associated paralytic poliomyelitis from the multivariate analysis would result in estimates of vaccine-induced immunity that include the protective effect of OPV against poliomyelitis in addition to asymptomatic shedding. We therefore excluded children who had symptoms compatible with vaccine-associated paralytic poliomyelitis [26] . The imperfect, waning protection induced by OPV against poliovirus shedding that we observe contrasts with the complete protection offered against paralytic poliomyelitis and suggests that the sample of children with AFP that we examined is reasonably equivalent to a sample from the healthy population.
An additional limitation is that we did not measure the quantity of vaccine poliovirus shed in stool samples. This is likely to be lower among children with OPV-induced immunity compared with naive children [4, 5] . A reduction in shedding will in part be manifest by a lower probability of detecting virus in stool samples and therefore captured by our study. However, in the future it would also be interesting to estimate the impact of waning mucosal immunity on protection against infection based on the quantity of vaccine poliovirus shed. Studies that measure vaccine poliovirus excretion among children vaccinated several years before challenge compared with more recently vaccinated children are also required to estimate the extent of waning of mucosal immunity over a longer period than that described in our study.
The strongly seasonal response to vaccination observed in this study implicates enteric infections in the reduced immunogenicity and effectiveness of OPV in India. However, the relative importance of different infections and the immunological mechanisms underlying reduced immunogenicity are unknown. Infection with other enteroviruses at the time of vaccination and diarrhea, with or without identification of associated bacterial pathogens, have been found to be associated with reduced immunogenicity of OPV [32, [38] [39] [40] [41] [42] . However, these studies have often enrolled small numbers of individuals, raising the possibility of publication bias, particularly because several other studies have failed to find a similar effect [10, 43] . Larger studies to identify enteric pathogens associated with the reduced immunogenicity of OPV in India are required and could lead to interventions to improve the response to OPV and other oral vaccines in lower-income countries.
Waning intestinal mucosal immunity after vaccination with OPV is likely to make the interruption of wild-type poliovirus transmission more challenging. We have previously found frequent infection with wild-type polioviruses among healthy, OPV-vaccinated children in contact with children with poliomyelitis [17] . However, the contribution of these children and of vaccinated adults to the transmission of wild-type polioviruses in India and elsewhere is unknown. In theory, incomplete immunity against reinfection can lead to a reinfection threshold for the basic reproduction number (transmissibility) of an infection, above which herd immunity is insufficient to stop transmission [44] . However, failure to find wild-type polioviruses in stool or sewage samples collected in India during most of 2011 suggests a herd-immunity effect associated with the use of OPV sufficient to interrupt transmission. It should be noted that even among children exposed to an SIA >6 months ago and with waning mucosal immunity, significant protection against vaccine poliovirus shedding after challenge is retained, compared with poorly vaccinated children. For example, among children vaccinated with ≥5 doses of serotype 1 monovalent OPV who were last exposed to an SIA ≥6 months ago, the relative odds of shedding serotype 1 vaccine poliovirus after challenge, compared with children vaccinated with only a single dose of monovalent or trivalent OPV, were 0.58 × 1.39 = 0.81 (95% CI, .55-1.21), based on Table 2 ; the odds for children vaccinated with trivalent OPV against serotype 2 poliovirus or monovalent OPV against serotype 3 were 0.53 (95% CI, .25-1.13) and 0.22 (95% CI, .05-.96), respectively. Moreover, it is possible that frequent, almost monthly SIAs in areas with persistent reporting of children with poliomyelitis have continually boosted mucosal immunity, permitting the interruption of fecal-oral transmission of wild-type polioviruses in these areas. Although this may have succeeded in India, our findings suggest that strategies to more effectively induce and boost mucosal immunity will considerably facilitate the interruption of wild-type poliovirus transmission in remaining infected areas.
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